To date, attempts to preserve chicken sperm have been based on a trial-and-error experimental approach. The present work outlines the development of an alternative approach based on empiricism and bioenergetic theory. In previous work, we found fowl sperm motility to be dependent on mitochondrial calcium cycling, phospholipase A 2 , and long-chain fatty acids as an endogenous energy source. It is noteworthy that fowl sperm reside within the sperm storage tubules (SST) of the oviduct over an interval of days to weeks after insemination. In this regard, a model for in vivo sperm storage was developed and tested in additional previous research. Sperm penetration of the SST, sperm residence within the SST, and sperm egress from the SST can be explained in terms mitochondrial function. Understanding sperm function and longevity in terms of bioenergetics presented the possibility that sperm could be inactivated by disrupting mitochondrial calcium cycling and could thereby be preserved. However, this possibility also posed a problem: maintenance of the inner membrane potential of the mitochondrion within inactivated sperm. This report describes a series of experiments in which fowl sperm were inactivated by treatment with the calcium chelator tetrasodium 1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, and then reactivated by treatment with calcium ions. The effect of tetrasodium 1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid on mitochondrial calcium cycling was confirmed by flow cytometry and confocal microscopy. When treated sperm were cooled to 10°C, inactivated sperm could be reactivated throughout a 5-h storage interval. When stored sperm were held for 3 h before reactivation and insemination, fertility was 88% of the control. Storage did not affect hatchability. In summary, short-term storage was realized by manipulating mitochondrial function. We propose that 1) complex V consumes ATP within inactivated sperm and, by doing so, maintains the inner membrane potential of the mitochondrion, 2) ATP is regenerated within inactivated sperm by the action of creatine kinase on phosphocreatine, and 3) necrosis follows depletion of intracellular phosphocreatine. Therefore, future attempts to preserve chicken sperm can be based on a theory that encompasses regulation of energy production, a biological context in which sperm cells are motile, and the consequences of mitochondrial failure.
INTRODUCTION
Sperm mobility is the movement of a sperm cell population against resistance at body temperature. This trait is measured by sperm penetration of an Accudenz (Accurate Chemical and Scientific Corp., Westbury, NY) solution from a sperm suspension overlay (Froman and McLean, 1996) . Accudenz is a nonionic, biologically inert cell-separation reagent. The size of the mobile subpopulation within a sperm cell sample, and, by inference, within an ejaculate, is proportional to the change in absorbance at 550 nm. When the sperm mobility assay was applied to populations of random-bred roosters, phenotype varied among males, was independent of age, and determined male fecundity (Froman et al., 1997 (Froman et al., , 1999 Froman and Feltmann, 1998) . Subsequent work estimated the heritability of this quantitative trait (Froman et al., 2002) and demonstrated that mitochondrial dysfunction accounted for phenotypic variation (Froman and Kirby, 2005; Froman et al., 2006) . The analysis of sperm mobility phenotype warranted clarification of the mechanism that enables sperm motility because velocity must be >30 µm/s for a sperm cell to be mobile . In other words, all mobile sperm are motile, but not all motile sperm are mobile. Fowl sperm motility depends on phospholipase A 2 , which in turn depends on mitochondrial Ca 2+ cycling (Froman, 2003; Froman and Feltmann, 2005) . This insight led to the realization that Ca 2+ flux might endanger mitochondria by formation of the permeability transition pore and thereby make sperm immotile. Conversely, the pivotal role of mitochondrial Ca 2+ cycling in sperm motility meant that such flux might be applicable to semen preservation. Therefore, the following argument was made. If self-propulsion depends on the Ca 2+ -dependent release of long-chain fatty acids within the sperm cell, then manipulation of mitochondrial Ca 2+ cycling would enable sperm cell inactivation and storage. The experiments that follow tested this possibility.
MATERIALS AND METHODS
Semen donors were from a line of high-sperm-mobility New Hampshire chickens maintained by the Oregon Agricultural Experiment Station, Corvallis. Birds were housed and used in accordance with procedures approved by Oregon State University.
Pooled semen was used in each experiment (10 to 20 ejaculates per pool). Sperm were inactivated with a washing technique validated by McLean et al. (1998) and modified by Froman (2003) . In brief, Ca 2+ depletion was enabled by washing sperm through 12% (wt/ vol) Accudenz containing 5 mM tetrasodium 1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) in 128 mM sodium glutamate containing 50 mM N-tris [hydroxyl-methyl] methyl-2-amino-ethanesulfonic acid (TES), pH 7.4. Accudenz was a gift from Accurate Chemical and Scientific Corp. Unless specified, all other reagents were purchased from Sigma-Aldrich (St. Louis, MO). Sperm concentration was determined with a spectrophotometer, as outlined by Froman and Feltmann (1998) . Sperm mobility was measured as outlined by Froman et al. (1999) . A 50-µL volume of washed sperm was diluted to 5 × 10 8 sperm/ mL. This suspension was prepared with prewarmed 2 mM Ca 2+ in 128 mM NaCl buffered with 50 mM TES, pH 7.4 (TESbuffered saline), within a 12 × 75 mm polycarbonate tube. A 60-µL volume of this suspension was overlaid on a 610-µL volume of prewarmed 6% (wt/vol) Accudenz within a 1.5-mL semimicro cuvette. Data from replicate washes within experiments were analyzed by ANOVA, using a randomized complete block design (Sokal and Rohlf, 1969) .
Flow cytometry and confocal microscopy were performed with sperm treated with fluo-3AM (Invitrogen, Carlsbad, CA). In each case, a 500-µL sperm suspension was incubated for 30 min at 41°C before analysis. Each suspension contained 8 × 10 8 sperm/mL and 6 µg/mL fluo-3AM. Computer-assisted sperm motion analysis was performed with a Hobson SpermTracker (Biogenics, Napa, CA) as described by Froman and Feltmann (2000) . When sperm were cooled, a 1-mL sperm suspension was placed in a 15-mL conical centrifuge tube. This was immersed within a circulating water bath set at 10°C. A preliminary experiment (data not shown) determined that this approach would cool a sperm suspension at room temperature at a rate of −0.4°C/min. When sperm at 10°C were reactivated after 0.5, 1, 2, 3, 4, and 5 h of storage, repeated sperm mobility measurements were made by removing a 50-µL sample at each time point. In this case, semen was mixed with room temperature TES-buffered saline in a 12 × 75 mm polycarbonate tube, and the tube was immersed within a water bath at 41°C for 1 min. Thereafter, a 60-µL sample was withdrawn and overlaid on prewarmed 6% (wt/vol) Accudenz, as outlined above. When cooled sperm were reactivated before AI, the 15-mL centrifuge tube was withdrawn from the water bath and transported to the farm at room temperature. Sperm mobility was measured on site within 15 min. In each of 2 fertility trials, control and treated sperm were diluted to a concentration of 2.0 × 10 9 /mL with TES-buffered saline containing 10-mM glucose before insemination. Duration of fertility was evaluated in the first trial according to the method of Kirby and Froman (1990) . In contrast, fertility and hatchability were analyzed with a log-odds model (Kirby and Froman, 1991) in the second trial.
RESULTS AND DISCUSSION
As shown in Figure 1 , mobile sperm were inactivated by Ca 2+ depletion and then reactivated by restoring Ca 2+ . This observation confirmed the effect of BAPTA first observed with computer-assisted sperm motion analysis and very dilute sperm suspensions (Froman, 2003) . In contrast, the washing technique used in the present work returned sperm to a physiological concentration within a chemically defined medium. Therefore, the negative and positive controls in Figure 1 demonstrated that sperm could be inactivated and reactivated in bulk and that reactivated sperm mobility was comparable with that of freshly ejaculated sperm. In addition, reactivation was dependent on the mitochondrial membrane potential (Δψ m ) because dissipation of this electromotive force prevented sperm reactivation. This observation was consistent with electrophoretic uptake of Ca 2+ through the Ca 2+ uniporter of the inner membrane (Nicholls and Ferguson, 2002a) . As shown in Figure 2 , glycolysis did not compensate for oxidative phosphorylation because exogenous glucose failed to enable sperm reactivation when Δψ m was lost. Likewise, glycolysis did not enable sperm mobility when Δψ m was intact but mitochondrial Ca 2+ cycling was lost. Therefore, sperm reactivation depended on mitochondrial Ca 2+ cycling enabling oxidation of endogenous substrates.
Manipulation of Ca 2+ cycling was confirmed by flow cytometry (Figure 3 ). Fluo-3AM is a nonfluorescent, cell-permeable derivative of the fluorescent dye fluo3. Fluo3 is formed by enzymatic removal of the acetoxymethyl (AM) groups, and the dye fluoresces green when bound to Ca 2+ (Haughland, 2005) . Based on spermassociated fluorescence, intracellular Ca 2+ decreased by 96% when sperm were washed through 12% (wt/vol) Accudenz containing 5 mM BAPTA (Figure 3 ). This effect was readily reversed by treatment of inactivated sperm with 2 mM Ca
2+
. The intracellular distribution of Ca 2+ was visualized with confocal microscopy. As shown in Figure 4 , two staining patterns were observed with either intact or reactivated sperm. The relationship between intracellular Ca 2+ and sperm cell velocity is a point of interest within our laboratory. Nevertheless, most reactivated sperm stained for Ca 2+ at the level of the midpiece. Fluorescence was not observed within Ca 2+ -depleted sperm. This observation was consistent with the flow cytometry data shown in Figure  3 . In summary, flow cytometry and confocal microscopy reinforced the importance of mitochondrial Ca 2+ cycling to sperm motility (Froman and Feltmann, 2005) and confirmed that treating sperm with BAPTA yields Ca 2+ -depleted sperm.
Having demonstrated that fowl sperm could be inactivated and reactivated in bulk, our next goal was to evaluate the effect of such manipulation on fertility. The extent to which sperm enter the sperm storage tubules of the oviduct and their rate of efflux determine the duration of fertility in the chicken (Pizzari et al., 2008) . Therefore, it can be useful to measure fertility as a function of time because this approach can detect initial, as well as latent, effects. Data from the first fertility trial are summarized in Figure 5 . Although initial fertility differed by 5% between treatments, predicted curves were comparable in shape. As estimated by the area under each curve, fertility for treated sperm was 83% of that observed for control sperm. Therefore, even though temporary disruption of mitochondrial Ca 2+ cycling decreased the effective insemination dose, the experimental outcome warranted testing the combined effects of BAPTA and cold storage.
Although Ca 2+ depletion rendered sperm immobile (Figures 1 and 2 ), we could not conclude that treated sperm were uniformly immotile because sperm with a straight-line velocity of <30 µm/s are motile but immobile . Preliminary evaluation of BAPTA-treated sperm by computer-assisted sperm motion analysis at 20°C confirmed that many treated sperm were motile, albeit at a very low velocity. Although speculative, we thought in vitro sperm storage would work best if sperm were immotile. Therefore, we determined whether temperature could be used in combination with BAPTA to achieve this effect. As shown in Figure 6 , cooling Ca 2+ -depleted sperm to 10°C was effective. The effect of cooling rate was not determined. Rather, a linear rate of −0.4°/min was adopted. This rate enabled sperm at room temperature to reach the target temperature within 30 min. In summary, Ca 2+ depletion followed by cooling created a state in which ATP consumption was negligible within the axoneme. We hypothesized that sperm reactivation would be independent of time for sperm within this state.
As shown in Figure 7 , recovery of sperm mobility was independent of time (P > 0.05) when Ca 2+ -depleted sperm were stored at 10°C for 5 h. Cooling, however, induced a 12% loss of mobile sperm (P < 0.01). Nonetheless, treatment of sperm with BAPTA afforded substantive protection against the effect of cooling because sperm mobility was reduced by 51% when intact sperm were cooled to 10°C and then restored to body temperature. Furthermore, sperm mobility gradually declined (P > 0.05) in the case of intact, cold-stored sperm (Figure 7) . However, the experimental outcome for Ca 2+ -depleted, cold-stored sperm warranted determining the next logical step. Therefore, fertility and hatchability were determined for hens inseminated with Ca 2+ -depleted cold-stored, reactivated sperm (Table 1) .
Two different insemination doses were used in this experiment. This can be explained as follows. Fertility is a function of sperm mobility when the insemination dose is controlled (Froman et al., 1999) . Even though Figure 1 . Effect of inner mitochondrial membrane potential on sperm reactivation. This experiment used pooled semen (n = 15 roosters) as a block. Sperm within each pool were treated as outlined on the x-axis. Each bar represents the mean ± SEM from 10 replicate semen pools. Sperm were inactivated by centrifugation through a solution of 12% (wt/vol) Accudenz (Accurate Chemical and Scientific Corp., Westbury, NY) prepared with 128 mM sodium glutamate containing 50 mM N-tris [hydroxyl-methyl] methyl-2-amino-ethanesulfonic acid (TES), pH 7.4, and 5 mM tetrasodium 1,2-bis-(o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid (BAPTA). Thus, calcium-depleted sperm suspended in TES-buffered sodium glutamate containing BAP-TA served as the negative control. Remaining test suspensions used 128 mM NaCl containing 50 mM TES, pH 7.4. Therefore, washed sperm suspended in TES-buffered saline containing 2 mM Ca 2+ served as the positive control. Oxidative phosphorylation was uncoupled by the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) dissolved in dimethyl sulfoxide (DMSO). The concentrations of CCCP and DMSO were 50 µM and 0.1% (vol/vol), respectively. Therefore, "buffer control" denotes 0.1% (vol/vol) DMSO in TES-buffered saline containing 2 mM Ca 2+ . An asterisk (*) denotes a treatment that differed (P < 0.05) from the prewash control. Disruption of the inner mitochondrial membrane potential prevented sperm reactivation in response to extracellular Ca 2+ .
the mobility of reactivated sperm was equivalent to that of prewash control sperm (Figure 1 ), the y-intercepts observed in the first fertility trial were not equivalent between reactivated and fresh control sperm ( Figure  5 ). This difference indicated a latent effect. Therefore, the insemination dose was doubled for treated sperm in the second fertility trial in an attempt to determine whether this would compensate for an adverse latent effect of sperm cell manipulation; however, this goal was not realized (Table 1) . Nevertheless, the fertility achieved with treated sperm was 88% that of the control. Furthermore, reactivation of Ca
-depleted sperm after 3 h of storage at 10°C had no effect on the hatchability of fertilized eggs (P > 0.05).
In review, our experiments demonstrate that commercial storage of fowl semen may depend on a new perspective that accounts for sperm mobility phenotype as well as mitochondrial Ca 2+ cycling. Appreciable variation in sperm mobility phenotype exists among males within flocks of New Hampshire chickens, broiler breeders, and pedigree meat-type chickens Feltmann, 1998, 2000; Froman et al., 1999 Froman et al., , 2006 Bowling et al., 2003; Froman and Kirby, 2005; Froman, 2006) . A mechanism accounting for such variation has been sought since the discovery of this quantitative trait in the mid-1990s. In this regard, it is noteworthy that any given ejaculate contains a subpopulation of immobile sperm. What appears to vary among males is the size of this subpopulation. In other words, variation in sperm mobility phenotype is due to a difference in degree rather than a difference in kind. Immobile sperm contain dysfunctional mitochondria (Froman and Kirby, 2005) . At present, we attribute phenotypic variation to the extent to which sperm are susceptible to mitochondrial damage during residence in the deferent ducts before ejaculation. In short, semen preservation may not be possible for males that ejaculate most sperm containing moribund mitochondria. This leads to an interesting question. Is variation in cryopreservation efficacy among lines and among males within lines (Fulton, 2006) due to variation in sperm mobility Figure 2 . Effect of ATP-generating pathway on sperm reactivation. This experiment used pooled semen (n = 15 roosters) as a block. Sperm within each pool were treated as outlined on the x-axis. Each bar represents the mean ± SEM from 10 replicate semen pools. Reagent concentrations were 2 mM, 10 mM, 50 µM, and 5 mM for Ca 2+ , glucose, carbonyl cyanide 3-chlorophenyl-hydrazone (CCCP), and tetrasodium 1,2-bis-(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), respectively. The protonophore CCCP was dissolved in 0.1% (vol/vol) dimethyl sulfoxide. An asterisk denotes a treatment that differed (P < 0.05) from the Ca 2+ -depleted negative control (BAPTA). This outcome was observed consistently for each of 10 replicates in which intact control sperm, Ca 2+ -depleted sperm, and sperm reactivated with 2 mM Ca 2+ were loaded with fluo-3AM. The manipulation of intracellular Ca 2+ was repeatable, as evidenced by the lack of a block effect (data not shown). Mean percentages (±SEM) of stained sperm were 88.9 ± 0.70, 3.5 ± 0.38, and 85.9 ± 1.17%, respectively. Estimates were based on a total count of 10,000 sperm per observation. phenotype? At present, identification of males with low sperm mobility depends on the sperm mobility assay. However, QTL are being sought by collaboration with D. A. Rhoads at the University of Arkansas, Fayetteville.
The second feature of semen preservation research that warrants change is the conventional experimental end point. The importance of mitochondrial Ca 2+ cycling was demonstrated in the present work. Sperm can be inactivated and reactivated en masse by controlling this single variable, and the majority of inactivated sperm can be stored, at least for a matter of hours, without a loss of function. The decreased effective insemination dose resulting from sperm manipulation ( Figure 5 and Table 1) may be due to an effect comparable with reperfusion injury in cardiac muscle cells and neurons (Nicholls and Ferguson, 2002b) . In this regard, widespread necrosis was observed a posteriori when intact sperm were cooled to 10°C and then returned to body temperature (data not shown). Affected sperm appeared to show progressive degeneration, in which mitochondrial swelling was followed by dissociation from the midpiece. In essence, ischemia is a profound disruption of oxidative phosphorylation within mitochondria peripheral to a capillary. According to Nicholls and Ferguson (2002b) , ischemia induces irreparable mitochondrial damage within minutes. Therefore, the extent to which cell function returned within a population of sperm held in a low energy state for several hours was impressive.
With these facts in mind, we propose a new experimental approach for chicken sperm preservation. This approach is based on bioenergetic theory rather than a hope that an optimal amount of a protective agent in combination with optimal cooling and warming rates will enhance poststorage sperm motility. This theory ], where the asymptotic value γ denotes initial fertility. Estimates of γ for control and reactivated sperm were 90 and 85%, respectively. . Sperm mobility after storage at 10°C. Mean sperm mobility for the prewash, negative control, and positive control was 0.511, 0.034, and 0.545 absorbance units before cooling, respectively. Sperm were cooled from room temperature to 10°C between time zero and 30 min. Each symbol is a mean ± SEM (n = 10). The majority of SE in the bottom plot were negligible. Circles denote Ca 2+ -depleted sperm reactivated with 2 mM Ca 2+ . Squares denote intact sperm. These sperm were washed and stored in the presence of 2 mM Ca encompasses regulation of energy production, a biological context in which sperm cells are motile, and the consequences of mitochondrial failure. Moreover, this theory is simple, coherent, and consistent with known biochemical agents, pathways, and principles. For example, fowl sperm contain creatine kinase and do so with distinct isoforms present in the midpiece and axoneme (Wallimann et al., 1986) . Progressive motion is most likely enabled by the phosphocreatine shuttle (Wallimann et al., 1992) , which entails diffusion of phosphocreatine from mitochondria to the axoneme and a countercurrent diffusion of creatine from the axoneme toward mitochondria. However, sperm cell creatine and phosphocreatine may serve unexpected roles. Dolder et al. (2003) reported that mitochondrial creatine kinase, in combination with creatine, enabled an ongoing exchange of ADP for ATP through the adenine nucleotide translocase. This exchange can be independent of cellular ATP consumption. Thus, ongoing adenine nucleotide exchange may promote mitochondrial integrity during extragonadal sperm transport, a time during which sperm are considered to be immotile (Ashizawa and Sano, 1990) . If mitochondrial integrity in either immotile or motile sperm depends on continuous input of NADH and reduced flavin adenine dinucleotide at the level of the electron transport chain (albeit at different rates), then termination of this energy input would alter Δψ m . However, if Δψ m is maintained within inactivated sperm by a reversal of the phosphocreatine shuttle and ATP synthase, then mitochondria within such sperm must have a finite life span when held above freezing because mitochondrial demise ensues once Δψ m is lost (Nicholls and Ferguson, 2002b) . In addition, perhaps inactivated sperm with a normal Δψ m but insufficient creatine content fail to reactivate. Loss of creatine from a portion of inactivated sperm might account for the partial loss of sperm mobility induced by cooling (Figure 7) . Somatic cell creatine content is maintained by a homeostatic mechanism in vivo (Engelking, 2004) . In contrast, ejaculated sperm cannot compensate for creatine loss when stored in vitro. In this regard, it is noteworthy that intracellular creatine is gradually lost by transformation into creatinine by a nonenzymatic reaction (Engelking, 2004 ).
In conclusion, science assesses what is possible and thereby arrives at what is probable. Sperm cells are self-propelled DNA delivery vehicles. In the case of fowl sperm, self-propulsion depends on mitochondrial Ca 2+ cycling (Froman and Feltmann, 2005) . We contend that preservation of mitochondrial integrity may be the central challenge underlying artificial preservation of fowl sperm. We suspect that mitochondrial integrity is important to the preservation of animal sperm even though substrates and regulation of flux may vary among species. The mitochondrial permeability transition pore opens in response to a variety of insults, of which Ca 2+ loading is but one (Zoratti and Szabò, 1995; Brookes et al., 2004; O'Rourke, 2007) . However, once this happens, cell function is compromised. Means within a column differ (P < 0.001).
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Each value is the mean ± SEM.
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Each hen within a treatment group was inseminated once per week for 3 wk. Each hen inseminated with control sperm received 4 × 10 7 sperm in a volume of 20 µL. In contrast, each hen inseminated with stored sperm received 8 × 10 7 sperm in a volume of 40 µL.
